Abstract: In this paper, a wafer-scale uniform silver nanocave array is fabricated by soft ultraviolet nanoimprint lithography. We investigate its plasmonic effects using far-field and near-field experimental approaches and illuminate the physics inside by theoretical analysis and computational simulation. The array shows robust multispectral features for various surrounding media and possesses the sensitivity up to 514.7 nm/RIU in the visible range, which is promising for the mass production of high-performance plasmonic refractive index sensors.
Introduction
Surface plasmon resonance (SPR) is the resonant oscillation of conduction electrons at the interface between a negative and positive permittivity material excited by incident light [1] . Due to the interfacial nature, SPR is very sensitive to surface chemistry adsorption and the environmental refractive index, and SPR-based sensors have attracted great attention on various sensing applications, including label-free biochemical detection, medical diagnostics, water pollution monitoring, and food safety [2] - [5] . Currently, commercial SPR sensor technology is well-established, and it is typically based on the Kretschmann scheme [6] , in which a prism is typically used to excite propagating surface plasmons on a thin metal film and a change of the refractive index on the film surface leads to a spectral dip shift in the angular intensity of the reflected light from the sensor surface. However, this configuration is cumbersome and expensive [7] . In contrast, the utilization of localized surface plasmon resonance or diffraction coupling based on metallic nanostructures makes the sensing instrumentation portable, facilitates sensing of multiple points on a single chip, and reduces the system costs significantly, which is competitive with the Kretschmann scheme. Over the past decade, the use of plasmonic nanoparticles, nanoparticle arrays and nanohole arrays is extensively studied [8] , [9] . The plasmonic sensors based on these nanostructures can be designed with expected optical features and subwavelength spatial resolutions, but their optical responses are generally sensitive to the uniformity of the fabricated nanostructures. Thus, mass production of commercial plasmonic sensors requires a cost-effective and reproducible fabrication manner for large-area uniform nanostructured chips. Standard lithography techniques like electron beam lithography or focused ion beam can be used to control the nanoscale size and shape of SPR sensors with high precision. However, high expenses and time-consuming operation limit the applicability of these techniques on mass production.
Unconventional lithographic techniques like interference lithography, nanosphere lithography (NSL), and colloidal lithography (CL) have been pursued for the fabrication of plasmonic sensors, but the design of nanostructures are limited to patterning arrayed features only [10] - [13] . Additionally, although NSL and CL are based on low-cost self-assembly approaches, the ultimate uniformity of large-area periodic nanostructures is infeasible due to the inevitable defects of colloidal crystals, which further restrains their applications in the industry for standardized production of plasmonic sensor chips. As an alternative method, soft nanoimprint lithography based on ultraviolet (UV) curing can be used for the mass production of novel plasmonic sensors in order to overcome the above limitations. Soft UV nanoimprint lithography (SUV-NIL) is an inexpensive nanofabrication technique for high uniformity on a full wafer with subwavelength nanopatterns. Currently, this technique has been widely used in the fabrication for high efficiency solar cells and LEDs [14] , [15] . Recently, SUV-NIL has been preliminarily introduced into the fabrication of some SPR sensors [16] , [17] . However, these sensors fabricated by SUV-NIL are limited by the operational spectral range, device sensitivity and measurement scheme.
On the other hand, it is believed that a change of environmental refractive index on plasmonic nanostructures normally causes more spectral shift in the infrared range than in the visible range [18] . However, in this work, we focus on using SUV-NIL to fabricate plasmonic sensors working in the visible region, because the use of visible light possesses many advantages, which includes prevention of potential infrared adsorption by water and testing specimen, higher package density of sensing chips due to shorter plasmonic wavelength, and a low-cost sensing system by using charge-coupled device (CCD) instead of an expensive infrared detector. In this work, we fabricate wafer-scale uniform periodic plasmonic nanocave arrays for refractive index sensing based on a simple and cost-effective soft UV nanoimprint technology. Compared with previous sensors based on nanoimprint lithography, the fabricated sensors in this paper support large-area manufacturing and detection of CCDs only and demonstrate ultra-high bulk sensitivity in the visible range.
Methods

Fabrication of Silver Nanocave Array
A simple and cost-effective soft UV nanoimprint technique is used to fabricate the wafer-scale (2 inches in diameter) silver nanocave array. The fabrication process is illustrated in Fig. 1 . In order to prevent the expensive nickel master mold from damage by direct contact with the rigid substrate, a soft transparent polymer stamp is used to replicate the nanostructure by thermal imprinting at a temperature range between 110°C and 150°C under a pressure of 40 bar. During the operation of thermal imprinting of polymer stamp, a UV curable resist (TU-170, from Obducat AB) layer of about 210 nm is spin-coated on a silicon substrate and baked at 95°C for 2 min. After that, we heat the sample up to 65°C, and then apply a pressure of 30 bar onto the sample for 1 min, followed by 1 min over exposure of UV light and 3 min of stabilization without UV irradiation. Subsequently, we use reactive oxygen plasma to etch the sample in order to remove residual UV curable resist and expose the substrate surface inside the nanocaves for better adhesion between the metal and the rigid substrate. Next, a 15 nm adhesion layer of chromium and a 250 nm layer of silver are deposited on the sample sequentially by using electron beam evaporation. The thickness of the metal is large enough to block optical transmission through the metallic nanostructure.
The scanning electron microscopy (SEM) images of the silver nanocave array are shown in Fig. 2 . These silver nanocaves have a diameter of ∼250 nm, a depth of ∼200 nm, and a periodicity of ∼500 nm. They are fabricated over a large area (wafer-scale) and exhibit excellent uniformity.
Bulk Refractive Index Measurement
The far-field optical reflectance spectroscopy is carried out using a halogen lamp (from Avantes BV) and a UV-visible spectrometer coupled to a reflection probe (Avantes FCR-IR400-2-MF). The reflection probe consists of six lighting fibers and one reading fiber with an operational range from 250 nm to 1100 nm, and the probe is perpendicular to the sample surfaces (i.e., normally incident light) in experiments. The reflectance spectra of silver nanocave arrays are measured by using the reflectance of a mirror-like silver film on a silicon surface as a reference, which is almost close to 100% in the measured spectral range and can be assumed as the original incident light intensity. In order to determine the bulk sensitivity, the reflectance spectra are also measured by successively immersing the same wafer with silver nanocave arrays in four solvents, including deionized water, ethanol, glycol, and glycerol. After recording the resultant reflectance spectrum for each solvent, the wafer is taken out, rinsed thoroughly with deionized water and dried by blowing nitrogen to restore the original spectrum in deionized water before repeating the process with another solvent. All the measured spectral shifts due to changing solvents are completely reversible and reproducible by moving the reflection probe on top of the wafer with uniform silver nanocave arrays.
Near-Field Scanning Optical Microscopy
In order to further understand the nanoscale light interaction on the silver nanocave array structure, a near-field scanning optical microscopy system (NSOM, MultiView 2000, from Nanonics Imaging Ltd.) is used to image the surface morphology and optical distribution at the same time. In the process of NSOM characterization, the surface of the nanostructure is illuminated by a transparent cantilevered optical fiber probe with a bent gold-coated tip. At the end of the tip, there is an aperture that is 100 nm in diameter, which determines the resolution of NSOM imaging. When the tip scans on top of the array, an ultra-sensitive photo multiplier tube (PMT) is used to detect the optical signal distribution at the reflection mode through a microscope, and the surface features are obtained by atomic shear-force microscopy as well.
Computational Simulation
The computational simulation based on a 3-D frequency domain finite element method is performed to evaluate the optical properties of the silver nanocave array [19] , [20] . In the simulation, a unit cell with an ideal cylindrical nanocave and smooth metallic surfaces is assumed for the nanostructure, and Floquet periodic boundary conditions are applied in order to simulate an infinite silver nanocave array under the illumination of normal incident light. Adaptive inhomogeneous tetrahedral mesh is used to discretize the unit cell according to the material properties, geometry and field distribution in iterative numerical calculation. The minimum edge length of the tetrahedral mesh element is as small as 0.58 nm. The relative permittivity of silver material in the visible range is described by the Drude dispersion model
2 À i!Þ with high frequency permittivity " 1 ¼ 5:0, the plasma frequency ! p ¼ 1:44 Â 10 16 rad/s and the damping constant ¼ 1:60 Â 10 14 rad/s. All materials are assumed to be isotropic and nonmagnetic in the simulation. The extremely fine meshing with the edge length smaller than the skin depth in the silver material is adopted to discretize the nanostructure and to ensure convergence and reproducibility of the calculated results.
Results and Discussion
As a kind of periodic metallic nanostructure, the silver nanocave array can act as a type of 2-D diffraction grating coupler to offer additional electromagnetic wave vector components along the x -and y -axes for excitation of the surface plasmon polariton (SPP) modes. For a square lattice of periodic nanocaves with the lattice constant of P, the condition for the momentum matching between the SPP modes and the in-plane wave vectors of the incident light can be estimated 
, where , " m , and " d are the free space wavelength, the permittivity of the metal and surrounding medium, respectively. Therefore, at normal incidence, k * x ¼ 0 and the momentum matching condition can be reduced to ¼ ðP= ffiffiffiffiffiffiffiffiffiffiffiffiffi ffi
, which preliminarily implies the presence of the SPP resonance modes. The Bragg's coupling equation only demonstrates an approximation theory that neglects the effects of nanocave shapes and sizes, a change of which might cause spectral shifts of corresponding resonance bands [22] , [23] . Nevertheless, this theory provides significant directive principles for the design of plasmonic nanocave array.
Based on the theory above, we analyze the measured reflectance spectrum of silver nanocave arrays in Fig. 3(a) and observe that there are mainly two distinct dips at around 537 nm and 446.5 nm, respectively, which could be attributed to the SPP resonance modes for the grating orders of (1, 0) and (1, 1) . In order to further understand the resonant modes of the plasmonic nanocave array, we compare the result of an electromagnetic simulation with the measured spectrum, as shown in Fig. 3(a) . It is observed that the simulated spectrum also has two distinct dips at 543.5 nm and 424.3 nm, respectively, which basically agrees with the experimental result, apart from a slight spectral shift. The two dips in the simulation originate from the (1, 0) and (1, 1) SPP modes, and their electric field distributions are shown in Fig. 3(b) , which indicates the dipole mode and the quadrupole mode, respectively. The simulation deviations from the measured reflectance are probably attributed to three factors. First, the simulation is based on an ideal geometrical model, which inevitably differs with the actual fabricated nanostructures (e.g., rounded edges and surface roughness). Second, we use an ideal Drude model for the silver material, but the effects due to surface scattering, grain boundary and material passivation on the actual samples are difficult to be comprehensively included in the simulation model. Third, a small portion of the incident light from the reflection probe is not perpendicular to the sample surface for it is not collimated, and this can lead to degeneracy of the SPP modes [24] , [25] , especially the slight splitting of the high order SPP mode around 474.2 nm, which cannot be observed in the spectrum from the ideal simulation model.
We next investigate optical near-field properties by experimental NSOM characterization, as shown in Fig. 4 . The NSOM system works with the probe illumination of a 532 nm laser, and it captures the surface morphology information and collects photons on the surface of the sample by the reflection mode simultaneously. The photon counts (unit: KHz) read by the PMT reflect the spatial optical intensity on the sample's surface. The wavelength of 532 nm is close to the (1, 0) SPP mode at 537 nm as shown in Fig. 3(a) . The near-field image in Fig. 4(b) demonstrates that the optical field distribution is periodic on top of the sample corresponding to the periodic nanostructure in Fig. 4(a) , and the field intensity surrounding the nanocaves is higher than that at the location of nanocaves. This can be explained by that the light energy is mainly trapped inside the silver nanocaves due to the standing-wave effects around the (1, 0) SPP mode when the fiber probe illuminates the sample surface by spatial scanning, and the PMT detects lower light intensity in the nanocaves than around the nanocaves under the reflection mode. Thus, the NSOM result in Fig. 4(b) shows good consistency with the field simulation result for (1,0) SPP mode in Fig. 3(b) , both of them indicate the periodicity of field distribution and the light trapping in the silver nanocave cavity.
Since the light energy is mainly trapped inside the silver nanocaves under the (1, 0) SPP mode, one can predict that the change of dielectric permittivity or refractive index inside the nanocaves would influence the plasmonic resonance of this nanostructure significantly, which is promising for applications of refractive index sensing. With regards to this, we study the optical properties of this nanostructure for refractive index sensing experimentally. Fig. 5 demonstrates that the spectra have red shifts with the increased refractive index, and the resonant wavelength of the (1, 0) SPP mode shifts from 537.0 nm to 704.3 nm, 719.2 nm, 754.1 nm, and 774.6 nm when the sample is dipped into water, ethanol, glycol, glycerol, respectively. Except the considerable shift of SPP resonance, the features of the spectra (i.e., the peaks and dips) for the samples in various environmental media are maintained steadily, because the periodicity of the nanostructure is extremely uniform in a large area of 2 inches in diameter. The robustness of multispectral features in surrounding materials is advantageous for the quantitative multispectral sensing and dispersive medium sensing [26] . Moreover, we calculate the shift of reflectance dip with the variation of the refractive index for various plasmonic resonance modes, as shown in Fig. 5(b) . It is observed that using the dip of the (1,0) resonance mode obtains a higher sensitivity of 514.7 nm/RIU than the (1,1) resonance mode, which is much larger than the sensitivity (125 nm/RIU) of gold nanohole array with similar nanostructure [11] . The achieved sensitivity is also larger than the results of plasmonic nanocavity array (405 nm/RIU) and plasmonic nanopillar array (375 nm/RIU) [16] , [17] , which were based on the technology of nanoimprint lithography. Compared with the quasi-3D plasmonic crystals with similar nanostructure [26] , such a high sensitivity is obtained in the visible range without using infrared detection, and the reflection mode for measurement based on only one highly integrated light probe makes the sensing system more simplified than the transmission mode. Additonally, the figure of merit (FOM) for (1,0) and (1,1) resonance modes are 11.93 and 18.58, respectively, which are much higher than a recent SPR sensor report (FOM=3.13) based on nanoimprint lithography [17] . Therefore, the silver nanocave array based on soft UV nanoimprint technology is competitive and promising for low-cost high-performance SPR sensors.
Conclusion
In summary, we have used soft UV nanoimprint lithography to fabricate a wafer-scale silver nanocave array for refractive index sensing in the visible range. The silver nanocave array has uniform nanostructure in a large area of 2 inches in diameter and maintains robust multispectral features with the shifts for various environmental materials and a high sensitivity up to 514.7 nm/RIU. The fabrication process is simple and high-throughput for large-scale mass production of cost-effective plasmonic refractive index sensors with high performance.
